cardiac myocyte-like cells were detected in the peri-infarct/infarct region of the ischemically damaged heart. The present study was undertaken to elucidate the phenotype and potential origin of nestin ϩ cardiac myocyte-like cells and identify stimuli implicated in their appearance. In the infarcted human and rat heart, nestin ϩ cardiac myocyte-like cells were morphologically and structurally immature, exhibited a desmin-immunoreactive striated phenotype, expressed the ␤1-adrenergic receptor, and associated with an aberrant pattern of connexin-43 expression and/or organization. Nestin ϩ cardiac myocyte-like cells were detected 24 h postischemic injury and persisted in the infarcted rat heart for 9 mo. In the normal rat heart, cardiac progenitor transcriptional factors Nkx2.5/GATA4 were detected in a subpopulation of nestin ϩ neural stem cells. Following an ischemic insult, nestin ϩ /Nkx2.5 ϩ neural stem cells migrated to the peri-infarct/ infarct region and appeared to be in a primordial state of differentiation to a nestin ϩ cardiac myocyte-like cell. The exposure of adult male rats to normobaric hypoxia (12% O2) for 10 days failed to promote the appearance of nestin ϩ cardiac myocyte-like cells. Following osmotic pump delivery of isoproterenol to normal adult rats, nestin ϩ cardiac myocyte-like cells were detected, albeit the response was modest and secondary to tissue loss. Thus ischemia-induced appearance of nestin ϩ cardiac myocyte-like cells apparently represents an adaptive response to heal the infarcted heart. Nkx2.5/GATA4 expression in a subpopulation of resident neural stem cells provides the appropriate phenotype for their potential differentiation to a nestin ϩ cardiac myocyte-like cell.
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neural stem cells; ischemia; scar formation; ␤ 1-adrenergic receptor; connexin-43 SCAR FORMATION FOLLOWING ischemic damage to the heart represents an essential physiological response denoted as reparative fibrosis. The biological events associated with reparative fibrosis include inflammation, angiogenesis, sympathetic fiber innervation of the peri-infarct/infarct region, and the deposition of collagen by myofibroblasts (11, 13, 14, 26, 28) . A recently identified event of scar formation and healing initially reported by our laboratory was the detection of nestin-expressing cells in the ischemic region of the infarcted rat heart (6, 9, 11, 12) . These nestin-expressing cells displayed characteristics consistent with a neural stem cell phenotype, were c-kit negative, neural crest-derived, and detected intercalated among cardiac myocytes in the normal rat and mouse heart (2, 11, 12, 25) . Following an ischemic insult, nestin-expressing neural stem cells residing in the viable myocardium migrated to the infarct region and were identified as a novel cellular substrate for de novo blood vessel formation (6, 11, 12) . In the infarcted human heart, nestin-expressing cells were also detected in the viable myocardium and scar region and morphologically analogous to the neural stem cell population identified in the rat heart (11). During these studies, an unexpected observation initially reported by our group and subsequently confirmed was the selective appearance of nestin ϩ cardiac myocyte-like cells bordering the infarct region of the ischemically damaged human, rat, and mouse heart (6, 11, 12, 19) . These data have provided the impetus to examine the phenotype and potential origin of nestin ϩ cardiac myocyte-like cells and identify stimuli implicated in their appearance.
METHODS
Myocardial infarct model. Myocardial infarction (MI) was induced in male Sprague-Dawley rats (12-14 wk; Charles Rivers) following the ligation of the left anterior descending coronary artery (12, 13) . Mean arterial pressure and left ventricular contractility were determined with a Millar catheter, as previously described (data not shown) (13) . MI rats were killed 1 wk, 3 wk, or 9 mo following coronary artery ligation. The heart was immersed in 2-methylbutane (1-and 3-wk post-MI rats) or formalin (9-mo post-MI rats) for immunofluorescence. For Western blot and real-time PCR experiments, the heart was immediately immersed in liquid nitrogen and subsequently stored at Ϫ80°C. The use and care of laboratory animals was in accordance with the Canadian Council for Animal Care, and all animal studies were approved by the Animal Care Ethics Committee of the Montreal Heart Institute.
In vivo infusion of isoproterenol. Male Sprague-Dawley rats (12-14 wk; Charles River) were implanted (subcutaneous) with an osmotic pump (model 2ML1, 10 l/h; Alzet, Cupertino, CA) containing isoproterenol (infusion rate; 30 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) or saline for a period of 1 wk. Before rats were killed, mean arterial pressure and left ventricular contractility were determined with a Millar catheter, as previously described (13) . Left and right ventricular weights of a subpopulation of rats (n ϭ 5-6 for each group) were unattainable because the whole heart was immersed either in 2-methylbutane for immunofluorescence or formalin for Sirius red staining.
In vivo exposure to hypoxia. Male Sprague-Dawley rats (n ϭ 4) (12-14 wk; Charles River) were placed in a plexiglass chamber (width 63 cm; height 43 cm; depth 60 cm) into which a continuous flow of air and pure nitrogen mixture was delivered, resulting in an inspired oxygen fraction (FI O 2 ) of 0.12. The flow rates of the gases were controlled using individual flowmeters, and the FI O 2 was confirmed using an oxygen analyzer (Applied Electrochemistry model S-3A/I). Exposure to continuous hypoxia was maintained for 10 days, and rats were then immediately killed. Sham rats were maintained in ambient air (21% O 2). Following the experimental protocol, the heart was excised and immersed in 2-methylbutane. Statistical analysis. Data were presented as means Ϯ SE, and n represents the number of rat hearts used per experiment. Data was evaluated by a Student's unpaired t-test, and a value of P Ͻ 0.05 was considered statistically significant. A statistical analysis on the number of nestin ϩ cardiac myocyte-like cells in the normal vs. infarcted rat heart could not be performed because the numerical value in the normal rat heart was zero.
RESULTS

The phenotype of nestin
ϩ cardiac myocyte-like cells and temporal expression in the MI rat heart. In the normal adult rat heart, nestin ϩ neural stem cells, characterized by a small cell body and numerous extensions and/or processes, were detected intercalated among terminally differentiated desmin ϩ /connexin-43 ϩ cardiac myocytes ( Fig. 1, A and B). Neural stem cells did not stain for either desmin or connexin-43, whereas nestin expression was not detected in terminally differentiated adult cardiac myocytes ( Fig. 1, A and B) . Following myocardial infarction, nestin immunoreactivity was detected in cells bordering the peri-infarct/infarct region that exhibited a cardiac myocyte-like phenotype but were predominantly structurally and morphologically immature compared with nestin Ϫ adult cardiac myocytes (Fig. 1C) . A paucity of nestin ϩ cardiac myocyte-like cells were detected ϳ24 h after coronary artery ligation (Fig. 2 ). In the noninfarcted left ventricle/peri-infarct region of 1-wk post-MI rats (n ϭ 6), nestin protein expression (sham, 0.288 Ϯ 0.034 vs. MI, 0.857 Ϯ 0.104) was significantly (P Ͻ 0.05 vs. sham) elevated compared with sham rats (n ϭ 5) (Fig. 2) . The latter finding was associated with a robust increase in the number of nestin ϩ cardiac myocyte-like cells bordering the peri-infarct/infarct region of 1-wk post-MI rats and the response maintained in 3-wk post-MI rats (Fig. 2) . Nestin ϩ cardiac myocyte-like cells were also detected preferentially at the peri-infarct/infarct region of the rat heart 9-mo postcoronary artery ligation (Fig. 1, D-F) , and their number was comparable to that observed in 1-and 3-wk post-MI rats (Fig. 2) .
Phenotypically, nestin ϩ cardiac myocyte-like cells were associated with an aberrant pattern of connexin-43 staining, as the gap-junctional protein was either lateralized, cytoplasmic, and/or absent ( Fig. 1, C and D) . Despite their predominant structural and morphological immaturity, nestin ϩ cardiac myocyte-like cells exhibited a partial striated desmin immunoreactive phenotype, and it was apparent that these intermediate filaments were closely associated ( Fig. 1, E and F) . Likewise, in the peri-infarct/infarct region of either the 1-wk or 3-mo post-MI human heart, structurally and morphologically immature nestin ϩ cardiac myocyte-like cells were identified, costained for desmin (data not shown), and associated with aberrant connexin-43 staining (e.g., cytoplasmic, lateralized, or absent) (see supplemental Fig. 1 at the Journal of Applied Physiology's website).
In the normal rat heart, ␤ 1 -adrenergic receptor immunoreactivity was observed on the plasma membrane and the nucleus of adult cardiac myocytes and detected in nestin ϩ processes emanating from neural stem cells. In 1-and 3-wk post-MI rats, ␤ 1 -adrenergic receptor staining was diminished in adult cardiac myocytes (data not shown), whereas immunoreactivity was still prevalent in nestin ϩ cardiac myocyte-like cells and nestin ϩ neural stem cells (data not shown).
A subpopulation of nestin ϩ neural stem cells residing in the normal rat heart express cardiac progenitor transcriptional factors GATA4 and Nkx2.5. The mRNA expression of established markers of cardiac progenitor cells GATA4 (1.07 Ϯ 0.13), Nkx2.5 (0.96 Ϯ 0.04), and MEF2C (0.98 Ϯ 0.07) were detected in the normal adult rat heart (n ϭ 6). A GATA4 signal was identified in the nucleus of terminally differentiated cardiac myocytes, whereas Nkx2.5 staining was either weak or absent (Fig. 3, A and B) . Among the nestin-expressing cells detected in the normal rat heart that morphologically resembled a neural stem cell, a subpopulation was associated with GATA4 and Nkx2.5 staining predominantly in the cytoplasm (Fig. 3, A and B) . However, GATA4 and Nkx2.5 immunoreactive cells that lacked nestin expression were also identified intercalated among cardiac myocytes in the normal rat heart (Fig. 3, A and B) . Following myocardial infarction, nestin ϩ -and nestin Ϫ -GATA4/Nkx2.5 immunoreactive cells were detected throughout the damaged region and in close proximity to nestin ϩ cardiac myocyte-like cells (Fig. 3, C and D) . Moreover, in contrast to that observed in the normal rat heart, Nkx2.5 and GATA4 staining in nestin ϩ cells was not limited to the cytoplasm as a nuclear signal was detected (Fig. 3, C and  D) . Furthermore, numerous Nkx2.5/nestin ϩ immunoreactive cells identified in the peri-infarct/infarct region did not retain their neural stem cell morphology as reflected by the absence of a nestin-immunoreactive process (Fig. 3, C and D) . By contrast, these Nkx2.5
ϩ /nestin ϩ cells were partially elongated and appeared to be in a primordial state of differentiation possibly to a cardiac myocyte-like cell (Fig. 3, C and D) .
Hypoxia and the sympathetic system as potential stimuli implicated in the appearance of nestin ϩ cardiac myocyte-like cells. The exposure of adult male rats (n ϭ 4) to normobaric hypoxia (12% O 2 ) for 10 days did not increase nestin protein expression (data not shown) in the heart and failed to promote the appearance of nestin ϩ cardiac myocyte-like cells. Osmotic pump delivery of the non-selective ␤-adrenergic receptor agonist isoproterenol significantly increased heart weight, the rate of left ventricular contraction, and relaxation compared with saline-infused rats (see supplemental Tables 2 and 3 available online at the Journal of Applied Physiology's website). Consistent with chronic agonist infusion, ␤ 1 -adrenergic receptor immunoreactivity on the plasma membrane and nucleus of cardiac myocytes were markedly reduced or absent (Fig. 4,   A-I) . By contrast, ␤ 1 -adrenergic receptor staining persisted in nestin ϩ neural stem cells (Fig. 4, D-F) . In the left ventricle of isoproterenol-treated rats, nestin protein expression was significantly increased (Fig. 5) . However, a widespread induction of nestin ϩ cardiac myocyte-like cells was not observed in the heart of isoproterenol-treated rats as the number (1.8 Ϯ 0.25 cells/0.2 mm 2 ; n ϭ 3) was comparable to that documented 24 h following myocardial infarction (Fig. 2) . Nestin ϩ cardiac myocyte-like cells were detected predominantly in close proximity to or within localized regions of tissue death, as reflected by the significant loss of connexin-43 staining and robust infiltration of neural stem cells (see supplemental Fig. 2 available online at the Journal of Applied Physiology's website). Consistent with cardiac myocyte cell death, the apoptotic protein Bax was significantly increased in the heart of isoproterenol-treated rats and associated with elevated Bcl-2 expression (Fig. 5) . Cardiac fibrosis was also prevalent in the heart of isoproterenol-treated rats as reflected by the increased deposition of collagen ␣ 1 type 1 protein (sham ϭ 0.022 Ϯ 0.005 vs. isoproterenol-treated ϭ .5 ϩ cells were partially elongated and appeared to be in a primordial state of differentiation possibly to a cardiac myocyte-like cell. In contrast to that observed in the normal rat heart, Nkx2.5 staining in nestin ϩ cells was not limited to the cytoplasm as a predominant nuclear signal was detected. The nucleus was labeled with the fluorescent marker to-pro 3 (blue). 1.37 Ϯ 0.007; P Ͻ 0.05 vs. sham; n ϭ 3-4 for each group) and the concomitant elevated expression of the transcript (sham ϭ 1.15 Ϯ 0.03 vs. isoproterenol-treated ϭ 7.4 Ϯ 1.9; P Ͻ 0.05 vs. sham; n ϭ 4 -6 for each group). Lastly, aberrant connexin-43 staining (e.g., cytoplasmic, lateralized, or absent) was observed in nestin ϩ cardiac myocyte-like cells (see supplemental Fig. 2 available online at the Journal of Applied Physiology's website), whereas ␤ 1 -adrenergic receptor immunoreactivity persisted (Fig. 4, G-I ).
DISCUSSION
The imposition of an ischemic insult to either the human, rat, or mouse heart led to the appearance of structurally and morphologically immature cardiac myocyte-like cells at the peri-infarct/infarct region distinguished by the selective expression of the intermediate filament protein nestin (6, 12, 19) . A modest number of nestin ϩ cardiac myocyte-like cells were detected 24 h after coronary artery ligation, whereas a robust response was observed in 1-wk post-MI rats and persisted for 9 mo. These data support the premise that the appearance of nestin ϩ cardiac myocyte-like cells in the infarcted rat heart represents a sustained biological event associated with scar formation and healing. The co-expression of the intermediate filament protein desmin and the emergence of a striated phenotype reaffirms the cardiac myocyte-like phenotype of these nestin ϩ cells. In fact, nestin and desmin staining were closely associated and consistent with the established concept that nestin forms heterodimers with structurally distinct intermediate filament proteins including desmin and/or vimentin (20, 21) . In addition, connexin-43 staining of nestin ϩ cardiac myocyte-like cells was either cytoplasmic, lateralized, or absent, and an aberrant phenotype of the gap-junctional protein was associated with cardiac arrhythmias (18, 24) . Sympathetic hyperinnervation of the ischemically damaged heart was also identified as a seminal trigger of arrhythmogenesis (10, 24) . In the myocardial infarcted rat heart, ␤ 1 -adrenergic receptor staining of the nucleus and plasma membrane of cardiac myocytes was diminished, whereas a signal persisted in nestin ϩ cardiac myocyte-like cells (4) . An analogous paradigm was observed in the heart of rats treated with isoproterenol. Although it is not feasible to selectively address their responsiveness to agonist stimulation in vivo, persistent ␤ 1 -adrenergic receptor expression and the aberrant connexin-43 phenotype indirectly suggests that nestin ϩ cardiac myocyte-like cells may represent a novel substrate contributing in part to cardiac arrhythmias.
The selective appearance of morphologically and structurally immature nestin ϩ cardiac myocyte-like cells following an ischemic insult supports the premise that the heart has the intrinsic capacity to regenerate cardiac tissue. Thus nestin ϩ cardiac myocyte-like cells may have originated from a pool of cardiac progenitor cells. Anversa's group was the first to identify a population of cardiac progenitor cells in the normal heart characterized by the expression of c-kit and transcriptional factors (e.g., GATA4, Nkx2.5, and MEF2) implicated in cardiac myocyte differentiation (3). In vitro and in vivo studies have demonstrated that c-kit ϩ cells were capable of differentiating to a cardiac myocyte, endothelial or vascular smooth muscle cell (3) . By contrast, the study by Oh et al. (17) identified a c-kit Ϫ population of cardiac progenitor cells that expressed Sca-1 and GATA4 and, following their injection in the ischemically damaged heart, differentiated to a cardiac myocyte. Several studies have reported the presence of nestinexpressing cells in the normal rat and mouse heart and the ischemically damaged human heart (2, 6, 11, 25) . Work from our laboratory (11) and Tomita et al. (25) further demonstrated that these nestin-expressing cells exhibit a neural stem cell phenotype and are neural crest-derived. Moreover, GATA4 staining was also detected in nestin-expressing cells, and Tomita et al. (25) reported that, under the proper conditions, these cells can differentiate to a cardiac myocyte (2, 25, 27) . In the present study, a subpopulation of undifferentiated nestin ϩ neural stem cells residing in the normal rat heart were associated with cytoplasmic GATA4 and Nkx2.5 staining. An analogous pattern was observed in the infarcted mouse heart, as Nkx2.5 immunoreactivity was detected in the cytoplasm of nestin-expressing cells (19) . In terminally differentiated adult cardiac myocytes, GATA4 staining was detected preferentially in the nucleus and consistent with its seminal role as a transcriptional factor implicated in the expression of numerous adult-specific cardiac genes (22) . A population of nestin Ϫ -Nkx2.5/GATA4-immunoreactive cells was also identified intercalated among cardiac myocytes in the normal rat heart. Although, additional experiments were not performed to further establish their phenotype, nestin
ϩ cells may represent the Sca-1 and/or c-kit population of cardiac progenitor cells (3, 17) . Thus the neural stem cell population residing in the normal rat heart can be further subdivided based on the absence or presence of GATA4/Nkx2.5. Expression of these cardiac transcriptional factors provides the appropriate phenotype for their potential differentiation to a nestin ϩ cardiac myocyte-like cell (2, 3, 17, 25) .
Following an ischemic insult to the rat heart, nestin ϩ / GATA4/Nkx2.5 ϩ neural stem cells were detected in the periinfarct/infarct region. In contrast to their undifferentiated phenotype in the normal rat heart, numerous neural stem cells were lacking distinctive nestin ϩ processes, and GATA4/Nkx2.5 staining was detected in the nucleus. These nestin ϩ /GATA4/ Nkx2.5 ϩ cells were elongated and appeared to be in a primordial state of differentiation, possibly to a cardiac myocyte-like cell. The latter conclusion is supported by the study of Tomita et al. (25) as cardiac-derived nestin-expressing cells isolated from the normal mouse heart differentiated to a cardiac myocyte in vitro and in vivo. Alternatively, we cannot exclude the possibility that nestin was expressed following the differentiation of GATA4 ϩ /Nkx2.5 ϩ cells (e.g., c-kit cells) to a cardiac myocyte-like cell following an ischemic insult.
The hypoxic milieu may have triggered the appearance of nestin ϩ cardiac myocyte-like cells in the peri-infarct/infarct region (2, 8, 12, 19, 23) . However, the exposure of normal adult male rats to normobaric hypoxia for 10 days failed to promote the appearance of nestin ϩ cardiac myocyte-like cells. The latter findings suggest that hypoxia alone was insufficient or that a greater reduction of O 2 is required. Alternatively, the sympathetic system may in part contribute to the appearance of nestin ϩ cardiac myocyte-like cells since newly formed sympathetic fibers were reported innervating the peri-infarct/infarct region and the ␤ 1 -adrenergic receptor was detected on neural stem cells (9, 11, 12, 28) . Osmotic pump delivery of isoproterenol to normal adult male rats significantly increased nestin protein expression in the heart and was associated with a modest number of nestin ϩ cardiac myocyte-like cells. Nestin ϩ cardiac myocyte-like cells were detected in close proximity to and/or in areas of apparent cardiac tissue loss and associated with an aberrant connexin-43 phenotype. Evidence to support the former observation was the infiltration of nestin ϩ neural stem cells to these areas of damage, marked fibrosis, and upregulation of the apoptotic protein Bax (1, 5) . Indeed, myocardial damage in isoproterenol-treated rats was not unexpected since ␤-adrenergic receptor-mediated cardiac myocyte apoptosis has been well characterized (7, 16) . Collectively, these data suggest that the modest appearance of nestin ϩ cardiac myocyte-like cells represents a compensatory response to isoproterenol-mediated tissue loss. Moreover, the robust expression of nestin in the heart of isoproterenol-treated rats may be in part secondary to ␤ 1 -adrenergic receptor-mediated neural stem cell proliferation. Lastly, ␤ 1 -adrenergic receptor immunoreactivity was markedly reduced in adult cardiac myocytes of isoproterenol-treated rats, and these findings were consistent with receptor downregulation following the chronic exposure to agonist (15) . By contrast, ␤ 1 -adrenergic receptor staining persisted in both nestin ϩ cardiac myocyte-like cells and neural stem cells. The underlying mechanism(s) attributed to the refractory nature of these cells to isoproterenol-mediated loss of ␤ 1 -adrenergic receptor expression remains presently undefined.
The present study has demonstrated that the infarcted human and rat heart were associated with the selective appearance of morphologically and structurally immature nestin ϩ cardiac myocyte-like cells. It remains presently unknown whether these cells can eventually differentiate to a mature beating cardiac myocyte. Nonetheless, these data reaffirm the premise that the infarcted heart has the capacity to repair itself by generating new cardiac myocyte-like cells. GATA4/Nkx2.5 expression in a subpopulation of neural stem cells indirectly suggests that, following an ischemic insult, these cells may have potentially differentiated to a nestin ϩ cardiac myocytelike cell (2, 25) . If the latter premise is confirmed, collectively manipulating the c-kit ϩ , Sca-1 ϩ , and nestin ϩ neural stem cell populations may represent a plausible approach to fully exploit the regenerative capacity of the ischemically damaged heart. Moreover, the inherent ability of c-kit ϩ cells and neural stem cells to differentiate to a vascular cell in the ischemically damaged region further highlights their seminal role in scar healing (3, 11) . Lastly, an important caveat identified in the infarcted heart and the myocardium of rats treated with isoproterenol was the observation that nestin ϩ cardiac myocytelike cells were associated with an aberrant connexin-43 phenotype and persistent ␤ 1 -adrenergic receptor immunoreactivity. Thus, despite their postulated physiological role in myocardial repair, nestin ϩ cardiac myocyte-like cells may further represent a novel substrate contributing in part to arrhythmogenesis and sudden cardiac death following ischemic injury.
